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Foreword

It is increasingly recognized that anthropogenic activities may have significant impacts on the Earth's climate.
At issue is the concern that carbon dioxide emissions of industrial origin may alter the natural variability of the

coupled climate system, with potentially devastating consequences in terms of climate change and habitability.
In response to these concerns, the international community, including science and government components, has
mobilized to address the scientific understanding of the global carbon cycle and ramifications of anthropogenic

influence. The Kyoto accords and a series of reports by the lntergovernmental Panel on Climate Change are two

distinct examples of the seriousness of these issues in the world community. The global ocean contains more than
90ck of the nongeological active carbon on the Earth, and plays a key role in the coupled climate system. Thus

understanding how carbon flows in the marine environment is critical to improving our understanding of the

global carbon cycle and impacts on climate.

This document represents the contribution of a core of ocean scientists at the NASA/Goddard Space Flight
Center to bring their expertise and the unique capabilities of NASA remote sensing to bear on this pressing issue.
The formation of the Ocean Carbon Science Team provides focus and coordination of activities to improve our

understanding of the ocean carbon cycle by maximizing the use and planning of ocean remote sensing. In this

capacity, the Ocean Carbon Science Team is part of a larger NASA/GSFC Task Force for Carbon that combines
and coordinates ocean, terrestrial, and atmosphere efforts in this regard. The specific activities exemplify a
dedication of individuals to contribute to an issue of national and international importance, so that governmental

policy may be guided by the light of scientific knowledge.

I wish to thank Watson Gregg and co-authors for their efforts in preparing this prospectus of present and planned
research activities within the Goddard I.aboratory for Hydrospheric Processes targeted at the global ocean

carbon cycle.

Antonio J. Busalacchi

Chief, Laboratory for Hydrospheric Processes
Goddard Space Flight Cenler
Greenbelt, Maryland

NASA/GSFC Research Activities for the Global Ocean Carbon Cycle:

A Prospectus for the 21 st Century

iii





Abstract

There are increasing concems thai anthropogenic inputs of carbon dioxide into the Earth system have the poten-
tial for climate change. In response to these concerns, the GSFC Laboratory for Hydrospheric Processes has
formed the Ocean Carbon Science Team (OCST) to contribute to greater understanding of the global ocean

carbon cycle. The overall goals of the OCST are to: 1) detect changes in biological components of the ocean
carbon cycle through remote sensing of bio-optical properties, 2) refine understanding of ocean carbon uptake
and sequestration through application of basic research results, new satellite algorithms, and improved model
parameterizations, and 3) develop and implement new sensors providing critical missing environmental infor-
mation related to the oceanic carbon cycle and the flux of CO 2 across the air-sea interface.

The specific objectives of the OCST are to: 1) establish a 20-year time series of ocean color, 2) develop new
remote sensing technologies, 3) validate ocean remote sensing observations, and 4) conduct ocean carbon cycle

scientific investigations directly related to remote sensing data, emphasizing physiological, empirical and coupled
physical/biological models, satellite algorithm development and improvement, and analysis of satellite data
sets.

These research and mission objectives are intended to improve our understanding of global ocean carbon cy-

cling and contribute to national goals by maximizing the use of remote sensing data.
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1. INTRODUCTION

The final decades of the 20th century marked the
emergence and rapid escalation of public and scientific
concern that the environmental impacts of human
activities have transitioned from the local to the global
scale. At the forefront of these environmental issues has

been the potential for global climate change resulting
from rising atmospheric concentrations of carbon
dioxide and other "greenhouse" gases. These concerns
over global warming have led to an accelerated research
focus on quantifying carbon exchange rates between the
atmosphere and biosphere. Consequently, our under-
standing of sources and sinks of carbon has advanced
enormously, but remaining uncertainties limit the
forecasting capabilities of global climate models.

The document, A U.S. Carbon Cycle Science Plan,
(Sarmiento and Wofsy, 1999) has been prepared by the
Carbon and Climate Working Group to direct climate
related research during the new millennium. An
underlying theme of this document is that an accurate
assessment of future global climate change requires a
coordinated, interagency research strategy with an
overall scientific contribution that is greater than the sum
of its parts (Sarmiento and Wofsy, 1999). The research

program described in the following pages represents a
contribution by Goddard's Ocean Carbon Science Team
(OCST) toward this larger, interdisciplinary effort. This
research program is intimately related to and dependent
upon the broader activities of the NASA/GSFC Task
Force for Carbon (NGTFC), as well as the external
efforts of the scientific community as a whole.

Sarmiento and Wofsy (1999) identified two overarching
goals of the U.S. Carbon Cycle Science Plan:

1. Identify the fate of anthropogenic carbon dioxide that
has already been emitted.

2. Assess future atmospheric carbon dioxide concentra-
tions resulting from past and future emissions.

Accomplishing these tasks requires accurate quantifica-
tion of carbon fluxes among the oceans, land, and

atmosphere. Sources and sinks for carbon are both
biological and chemical in nature. By far the largest
reservoir of carbon is sedimentary carbonates (order:

1022 g), but it is the far smaller mobile reservoirs,
distributed among the oceans, land, and atmosphere that
are critical to changes in global climate.

Currently, the most accurately constrained carbon flux in
global climate models is that released annually from
fossil fuel combustion [order: 5.5 + 0.5 x 1015 g = 5.5

Petagrams (Pg)]. The net annual increase in atmospheric
CO_, is also well quantified at 3.3 + 0.2 Pg, leaving a
difference of 2.2 Pg y- 1 that can be attributed to oceanic

and terrestrial carbon sinks (Sarmiento and Wofsy,

1999). Of these two, it is thought that the oceanic sink is
most accurately defined, with an annual uptake of
approximately 2.0 + 0.8 Pg (Sarmiento and Wofsy,
1999). It is important to note, however, that models

primarily attribute oceanic carbon uptake to abiotic,
physical-chemical processes affecting the solubility
pump, while the role of biotic, photosynthetically driven
pathways remain largely neglected. The effective
terrestrial carbon sink is the most poorly resolved

component of the global carbon cycle, with estimates
ranging over a factor of two. In fact, terrestrial carbon
storage is typically estimated through simple mass and/or
flux balance with the atmosphere and ocean budgets
(Sarmiento and Wofsy, 1999). Based on such mass/flux
balance considerations and assuming a terrestrial carbon
source of 1.6 -+1.0 Pg y- I from deforestation and land use
change, the maximum potential terrestrial carbon sink is
estimated at roughly 1.8 +_ 1.6 Pg y-1.

The preceding overview represents current model
estimates of global carbon fluxes. |l identifies a
"missing" carbon sink of roughly 1.8 Pg y- I that is often
attributed to the terrestrial component, but also involves
oceanic mechanisms entirely ignored in the models.
Whatever the mechanisms, increased CO 2 emission
during the industrial revolution implies the "missing
sink" has been stimulated, either directly or indirectly, by
increased atmospheric CO__concentrations. Evidence is
now mounting that terrestrial carbon sequestration in the
Northern Hemisphere has increased during the last
century due to a lengthening of the growing season, but

the magnitude of this phenomenon remains controver-
sial. Limits on such terrestrial carbon sinks are directly

dependent upon the accuracy with which oceanic uptake
has been estimated. From the mass/flux balance

approach, omission of any important oceanic processes
directly increases or decreases the potential size of the
terrestrial sink.

Achieving closure on the contemporary global carbon
budget will lend credibility to model predictions of future
atmospheric CO_, concentrations, but requires refined
descriptions of important carbon pathways and
feedbacks. Sarmiento and Wofsy (1999) detailed in their

U.S. Carbon Cycle Science Plan a wide variety of field
measurements that will contribute such information

toward improved model parameterizations. This ap-
proach is essential to improve the fundamental
understanding of processes, but is inadequate to provide
a large-scale view of carbon cycling. Spatial and
temporal variability on global scales is so large as to
preclude simple extrapolation from these point-source
measurements. Remote sensing data, although they may
lack the accuracy of the field measurements, can provide
observations and context of the large-scale variability.
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Rigorousintegrationfromthesesmall-scale,mechanistic
studiesto globalfluxes is critically dependentupon
large-scale,remotelysensedobservationaldata.

Theerrorassociatedwith integratingpoint-sourcefield
measurementsto global scaleprocesseswould be
prohibitiveto any efforts at balancing the global carbon
budget without remote sensing data. Availability of
satellite-derived observational data on crucial atmo-

spheric and biospheric variables is critical for
contributing credibility to global models. These data
capture the wide range of spatial and temporal
variability, and provide the necessary input fields for
process-oriented approaches, present a vehicle for
assessing model performance, and frequently lead to the
discovery of unanticipated feedbacks within the
biosphere. Consequently, the fundamental and decisive
contribution of the OCST is to develop and maintain
long-term, internally consistent global scale observa-
tions of critical environmental variables and to conduct

basic and applied research relevant to the integration of
small-scale mechanisms into global scale processes.

Development of the NGTFC represents an initiative to
establish a Center of Excellence in interdisciplinary
global carbon research. This initiative will entail the
cooperative interaction of terrestrial, oceanic, and
atmospheric scientists linked through the common
interest of improving global carbon flux estimates
through the application of remote sensing data and tied to
the greater scientific community through panel oversight
and evaluation. The inherent interdependence of the

ocean-atmosphere-land system lends naturally to the
establishment of such an interdisciplinary science
program. A multitude of feedbacks exists between the
mobile carbon reservoirs, such as the stimulation of

photosynthetic carbon uptake by atmospheric CO_,
enrichment, enhanced coastal productivity supported by
agricultural fertilization practices, and altered oceanic
CO 2 uptake resulting from iron-induced changes in
nitrogen fixation and photosynthesis caused by climate-
induced alterations in terrestrial desertification patterns.
Any effective evaluation of these processes requires the
joint effort of scientists with a diversity of expertise,
which is precisely the underlying motivation for the
NGTFC.

A full description of the ensemble of research activities to
be conducted under the NGTFC is beyond the scope of
this document. Rather, we have limited the current
project overview to measurements and research activities

directly related to oceanic carbon cycling processes. It
must be kept in mind, however, that these activities
represent a contribution from the OCST toward the
greater objectives of the NGTFC. It is also important to
recognize that neither NASA nor any other single agency

can alone satisfy all the requirements for a major
improvement in the characterization of the global carbon
cycle, but rather that the efforts of the OCST represent a
contribution to the overall goals of the scientific
community.

1.1 Carbon Cycling in the Global Oceans

Carbon cycling through the terrestrial component of the
biosphere is intuitively easy to understand, due to our
personal experiences of breathing air, cultivating the soil,
seeing plants grow and die, and watching leaves emerge
each spring, fall each autumn, and eventually
decompose. For most people, carbon cycling processes
in the oceans are far more obscure.

The oceans interact with the atmosphere through the air-
sea interface, with CO_ either entering or leaving the
ocean depending upon its concentration relative to
equilibrium with the overlying air (ApCOa) and the sea
state. This ApCO2-dependent gas exchange is termed the
"solubility pump" and it is influenced both by physical-
chemical processes and biological activity. Photosyn-
thetic carbon fixation by phytoplankton functions as the
primary link between ocean biology and the solubility
pump(figure 1).

Atmospheric CO l ,t_ _/nt,-rfo, e

_,d_l-Chcm ical Bicarbonate _l

Dissolved CO'- ._ 1 (T° pg, pressure) _J" & Carbonale _ _" I
A [

! ] Photos_,nthesis _-

[ _ Dissolved &

_ .e------- Ph,tnplankto.--_ Particulate

" G_.n Carbon

Bacleria @_-- " g i _ Zooplankton _"

-- Benthos

t
Sediments

Figure 1. Pathways in the ocean carbon cycle.

Photosynthesis represents an oceanic carbon sink, as it

decreases the partial pressure of CO_, near the ocean
surface and consequently increases the potential flux of

CO_, from the atmosphere through the air-sea interface,
depending upon processes occurring at the boundary.
Eventually, most of the organic material formed through
photosynthesis is degraded back to CO_, through
respiratory processes in the water column (figure I).
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Respirationthus representsa CO__sourceto the
atmosphere.The net effect of photosynthesisand
respirationonoceaniccarbonuptake,commonlyreferred
to asthe"biologicalpump,"isspatiallyandtemporally
dependent.It functionsthroughchangesincarbonstored
in sedimentary,dissolved,andparticulatepools(figure
1).Overgeologictimescales,photosyntheticCO2uptake
hasexceededrespiratoryCO2emissiontotheextentthat
>95%of thesedimentarycarbonreservesonEarthareof
oceanicorigin. At shortertime scales,the balance
betweenphotosynthesisand respirationis lesswell
understoodandis thesourceof greatuncertaintyin
modelestimatesof theoceancarbonbudget.

Fundamentalprocessesofphotosynthesisandrespiration
aresimilarbetweenoceanandlandplants,butcarbon
cyclingdiffersdramaticallyin thesetwo systems due to
contrasting turnover rates of plant biomass. Plant
biomass in the oceans represents less than 0.2% of the
biospheric total, but contributes 50% of the annual net
primary production on Earth (Field et al. 1998).
Consequently, the global phytoplankton biomass on
average turns over every 245 days, whereas in terrestrial
systems turnover rates are on the order of decades to
centuries depending on community composition (e.g.,
forest ecosystems versus grasslands). Thus ocean
biological systems can respond to environmental
changes much more rapidly than land systems.

In terrestrial systems, understanding sources and sinks of
carbon requires quantification of carbon storage and
fluxes through leaves, woody materials, and soils. In the
oceans, quantifying biologically mediated carbon
sources and sinks requires an understanding of fluxes
from the illuminated surface layer to the deep ocean and

the fate of organic material recycled throughout the water
column. Some carbon remains in particulate form, which
can settle to the bottom and represent a loss to the Earth

carbon system. Some is stored as dissolved organic
carbon (DOC), whose recycling pathways are poorly
understood. DOC in the ocean comprises the largest

reservoir of organic matter in the sea and is comparable in
size to the reservoir of organic matter in soils of the
terrestrial biosphere (Ducklow et al., 1995) and to the
amount of carbon in the atmosphere, 750 PgC (Wiebinga
and de Barr 1998; Williams, 1975). The relative

importance of various carbon pathways is dependent
upon regional differences in ecosystem structure, such
that upwelling areas tend to be dominated by diatoms and
other large species that contribute a sinking particulate
flux, while stratified central ocean regions are generally

fueled through microbial recycling processes within the
surface mixed layer.

Contrary to earlier assumptions, it is now clear that the
ocean carbon cycle is not in steady state (Falkowski el al.,

1998). The dynamic nature of ocean circulation and

biological processes insures an oceanic response to
global climate change that may very well already be
engaged. Quantifying the magnitude of this response and

defining the mechanisms involved will require a
substantial, long-term investment by NASA into the
development and operation of airborne and satellite

technologies, along with basic research focused on
linking large-scale remotely sensed environmental data
to carbon cycling processes.

The OCST at NASA Goddard will play a pivotal role in

satisfying the scientific and technical requirements for an
improved understanding of carbon cycling in the oceans.
Central goals of the OCST research program are to:

1) detect changes in biological components of the ocean
carbon cycle through remote sensing of bio-optical

properties;

2) refine understanding of ocean carbon uptake and
sequestration through application of basic research
results, new satellite algorithms, and improved model
parameterizations;

3) develop and implement new sensors providing critical
missing environmental information related to the
oceanic carbon cycle and the flux of CO,. across the air-
sea interface.

Remote sensing technologies previously developed by
NASA/GSFC have already had an enormous impact on
our understanding of carbon fluxes through the ocean.
For example, derived global chlorophyll fields based on
the CZCS and SeaWiFS ocean color sensors have led to

net ocean carbon fixation estimates being revised from <
28 Pg C y- I to > 50 Pg C y- 1 (Behrenfeld and Falkowski,
1997; Field et al., 1998; Iverson et al., 2000). The CZCS
has also been used to derive dissolved and particulate

organic carbon fields in terms of the oceanic absorption
coefficient (Hoge et al., 1995). These estimates will
continue to improve with the availability of new ocean
color data. The OCST research program will contribute

indispensable information toward achieving the goals of
the U.S. Carbon Cycle Science Plan.

Goddard's OCST has been instrumental in ocean color

research and operations for virtually every mission that
has flown, nationally and internationally. The expertise

built by the OCST over the years in ocean color is
unsurpassed. Sarmiento and Wofsy (1999) and NASA
(1999) have established that continuous observations of
ocean color are crucial for improving our understanding
of the ocean carbon cycle. As the NASA Center for
Excellence in Earth Sciences, the Goddard OCST must

play a lead role in the refinement of carbon cycle
understanding through the use of remote sensing.
Enhanced support for the activities of the Goddard OCST
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providestheonlypracticalmeansforfulfilling NASA's
commitmentto theUSCarbonCycle Science Plan.

The Goddard OCST has developed an approach to
accomplishing our three primary goals (above). The
central objectives of this research are to:

I) establish a 20-year time series of ocean color;

2) develop new remote sensing technologies;

3) validate ocean remote sensing observations;

4) conduct ocean carbon cycle scientific investigations

directly related to remote sensing data.

We believe that the scientific contribution of this

research to the understanding of global carbon cycling
will further establish NASA Goddard Space Flight

Center as a continuing world leader in Earth system
sciences.

Operational
Mission

20 Year

Time Series

__rd Ocean Carbbn_cietic___

i [ Science in
No,, Mission ! ! Mission ] Support of
Technology Validation ] Remote Sensing

New Ocean

Observations

Mission Ocean Carbon

Data QA Uptake & Losses

Figure 2. Primary objectives and functions of the GSFC
Ocean Carbon Science Team.

2. Objectives

2.1 20-year Time Series of Ocean Color

Continuous global observations of ocean color are the
cornerstone of NASA's contribution to a national carbon

cycle initiative. The absolute necessity of a multidecadal
time series of ocean color and related observations was

specifically stated in the U.S. Carbon Cycle Science Plan
(Sarmiento and Wofsy, 1999). A 20-year time series is
crucial for documenting and understanding long-term

changes in carbon-related ocean processes (Kaufman et
aI., 1998). A 20-year time series enables us to understand

decadal-scale trends in the presence of the larger signal
provided by interannual variability (e.g., E1 Nifio and La
Nifia), just as interannual variability requires multiple
years to distinguish it from the larger-still signal resulting
from seasonal variability. The 20-year time series will be
our first evidence of longer-term trends that are invisible
at smaller time scales, and are crucial to understanding
global change. Thus, insuring availability of continuous
remote sensing data is of the highest priority for NASA's
ocean carbon cycle research (NASA, 1999).

An important difference between terrestrial carbon cycle
research and ocean studies is the stark difference in

dedicated remote sensing missions. Variability in
terrestrial plant biomass has now been monitored
remotely and continuously for nearly 20 years, whereas
representative coverage of oceanic plant biomass has
only been available for 2 years. The first ocean color
sensor, the Coastal Zone Color Scanner (CZCS),
provided a proof-of-concept demonstration that such
observations are scientifically feasible and, in fact,
represents an essential method for observing spatial
distributions in living marine constituents. However,
lack of temporal coverage severely limited the utility of
CZCS data for quantifying global annual carbon fluxes
and its variability (figure 3). The new Sea-viewing Wide
Field-of-view Sensor (SeaWiFS) provides our first
systematic, routine global observations of chlorophyll
distributions (figure 3). This sensor, operating now for 2
years, represents the beginning of a comprehensive time
series of global ocean color data.

Scheduled future NASA missions involving ocean color
measurements include the Moderate Resolution Imaging
Spectrometer (MODIS) on the Earth Obser_'ing System
(EOS) Terra and Aqua platforms, the NPOESS
Preparatory Project (NPP), and the National Polar-
orbiting Operational Environmental Satellite System
(NPOESS) (table 1). The Goddard OCST will provide
personnel, expertise, and advocacy to help these
missions be supported and flown. Specific responsibili-
ties of the OCST include: 1) scientific oversight of sensor
design to meet the requirements of first-class science
observations, 2) scientific oversight of mission design to
meet obse_'ational requirements, 3) mission simulation
activities to evaluate alternatives and trade-offs in

sensor/mission design, and 4) assurance that data are
processed with state-of-the-art scientific methods and
made freely available to the public in a timely manner.

OCST personnel have established a first-rate mission
support capability that has been instrumental in virtually
every ocean color mission flown to date, both nationally
and internationally. Efforts in sensor calibration
(McClain et al., 1998; Barnes et al., 1999; Gregg et al.,
1999), mission analysis (Gregg and Patt, 1994; Gregg,

4 NASA/GSFC Research Activities for the Global Ocean Carbon Cycle:
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CZCSPigment;June 1979

SeaWiFSChlorophyll;June 1999

Figure 3. Coverage by the CZCS in June 1979 compared to the routine
global operational coverage provided by SeaWiFS, as shown for June 1999,

20 years later.

Table 1. Ocean color missions planned for the nexl decade

1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

SeaWiFS ....................................... >
EOS-Terra ........................... >

EOS-Aqua ....................... >
NPP ................................... >

NPOESS

1999), navigation (Patt and Gregg, 1994; Patt et al.,
1997), full mission simulation (Gregg et al., 1997), data
processing (Feldman et al., 1989, and the SeaWiFS,
CZCS, Ocean Color and Temperature Scanner (OCTS),
and MOS data archives), and mission management

(SeaWiFS) have fully demonstrated that the Goddard

OCST is unsurpassed in ocean color mission
development, design, and operation.

The 20-year time series of ocean color data requires a
dedicated effort to ensure data compatibility across
missions. This is a new area for ocean color with its

NASA/GSFC Research Activities for the Global Ocean Carbon Cycle:
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relativelyshortdataarchive,butproblemshaveoccurred
in other long-termmissionsequences,suchas the
AdvancedVeryHighResolutionRadiometer(AVHRR),
Earth RadiationBudget (ERB), and International
SatelliteCloudClimatologyProject(ISCCP)series.In
tilelimitedoceancolorexperience,CZCSvisiblebands
degradedby asmuchas50%overthe lifetimeof the
missionwhile thenear-infrared(NIR)bandsremained
relativelystable(EvansandGordon,1994).Ontheother
hand,mostof thedegradationin SeaWiFSis in theNIR
bands(Barneset al., 1999).Thesechanges,if not
identifiedandcharacterized,canproduceverymislead-
ing trendsin the derivedproductsfrom missionto
mission.Datacompatibilityis anissuethattranscends
individualmissionresponsibilities,butisrequiredforthe
scientificusefulnessof thetimeseries.TheOCSTwill
ensure,throughits MissionValidationactivityandwith
itsexpertise,acompatiblemission-to-missiontime series
of ocean color data.

2.2 Develop New Remote Sensing Technologies

to Improve Our Understanding of Ocean Car-

bon Cycle Issues

Ocean color is the centerpiece for the OCST contribution
to a national carbon science initiative. However. just as
the collective contribution of all agencies to carbon cycle
research pushes the science further than the sum of its
parts, the simultaneous observation of multiple marine
environmental variables provides far greater insight into
carbon cycling than ocean color alone. For example, a
first step toward quantifying the "biological pump" is to
assess the rate of photosynthetic carbon fixation.
Conversion of remotely sensed chlorophyll or phy-
toplankton absorption coefficient fields to photosyn-
thetic rates requires assessment of physiological
variability and the photodecomposition rates and spectral
absorption properties of the underlying organic pool,
which in turn are related to additional environmental

fields, such as temperature, mixed layer depth, clouds,

and nutrients. Further improvement in the understanding
of the solubility pump requires information on surface
roughness regulating gas exchange across the air/sea
interface, chemical reactions between dissolved CO_, and
bicarbonate in seawater, and the relative partial pressures
of CO_, in the surface mixed layer and the atmosphere.

New remote sensing technologies that permit direct
observation of environmental variables influencing
oceanic carbon cycling have the greatest potential for
making breakthrough scientific contributions. As the
agency that pioneered Earth remote sensing, NASA is
uniquely positioned to play the lead role in development
of such new technologies. This leading role will be
supported by the expertise assembled within the OCST,

which already includes extensive experience in all
previous global missions flown and an appreciation for
the intricacies of mission development and design.
Development of high-impact, breakthrough technolo-
gies related to ocean carbon cycling requires four
primary ingredients: 1) an intimate understanding of the
fundamental processes involved, 2) first-class engineer-
ing, computing, and laboratory facilities promoting
fundamental scientific advances that lead to new

technologies, 3) extensive understanding of the physics
of electromagnetic signal propagation through the
atmosphere and oceans, and 4) free and open exchange of
information with engineering or instrument scientists.
Provided personnel expansion of the OCST, these
ingredients can be satisfied by virtue of the group's
extensive experience and proximity to the world class
engineering workforce at GSFC.

Analysis of potential new missions is already underway
within the OCST. Exciting new technologies currently
being investigated include a Special Events Imager
(SEI), a Mixed Layer Lidar (MLI.), an airborne short
pulse Pump and Probe (SP_P&P) lidar, and a CO 2 lidar.
The SEI is a proposed joint NOAA/NASA mission to
provide new and refined information on coastal
processes, including carbon cycling. Coastal regions are
of particular national interest because of their
predominant influence on U.S. fisheries catches, as well
as representing roughly 25% of the total ocean carbon
fixation (Walsh, 1988) and contributing approximately
60% of the particulate carbon flux to the sediments.
Coastal regions, however, have their own suite of unique
challenges with respect to remote sensing measurements.
Two important issues in coastal regions are the effects of
chromophoric dissolved organic matter (CDOM) on
ocean color estimates and the influence of diurnal

phytoplankton growth cycles and loss terms on
synchronous observations obtained from operational
missions. Tidal cycles can cause polar orbiter data to be
highly aliased, resulting in erroneous estimates of carbon
fluxes between land and ocean via rivers and estuaries (to
the extent of even giving the incorrect sign to the flux!).
The high temporal coverage provided by the SEI will
yield important information to address these issues.

The MLL is another particularly exciting new
technological effort. The MLL uses lidar techniques to
determine the depth of maximum suspended particulate
concentration. This maximum, often referred to as the

"deep chlorophyll maximum," generally lies just below
the surface mixed layer. Remote sensing data on mixed
layer depths provides information on the vertical
dimension of the water column (which is unavailable

from passive optical techniques) and has many important
applications related to carbon cycling, for example:

NASA/GSFC Research Activities for the Global Ocean Carbon Cycle:
A Prospectus for the 2 !st Century



1)Themixedlayerdepthaffectsoceancirculationand
theexchangeof CO_,andheatbetweentheoceanandthe
atmosphere.

2) The relationshipbetweensurface chlorophyll
concentrationand phytoplanktoncarbonfixationis a
functionof solarangle,cloudiness,mixedlayerdepth,
and the rate of light attenuationthroughthe water
column.

3)A positiverateofnetprimaryproductionforthewater
column is dependenton the relationshipbetween
euphoticdepthandmixedlayerdepth.
DataretrievedfromtheMH, will alsohelpclarify the
relationshipbetweenoceancolorobservationsofsurface
biomassanditsdepthdistribution.

OngoingOCSTresearchthatis directlyapplicableto
newphytoplankton-carbonproductsisanairbornelaser

researchintothedevelopmentofalgorithmsforsatellite
retrieval of the photosyntheticparameters,thereby
improvingthephytoplankton-carbonproduct.

In parallelwith this research,a RutgersUniversity-
NASA fundedprojectis also underwayto develop
alternative/complementarytechniquesfor remotely
observingvariablefluorescenceparameters.Thiseffort
is functionallyanupscalingof theverysuccessfulfast-
repetition-ratefluorometer(FRRF),suchthat similar
informationcan be obtainedfrom remotesensing
platforms.TheFRRFmeasuresfunctionalabsorption
cross sectionsof photosystemII, photochemical
quantumyields,andelectronturnoverratesthroughthe
lightreactions,all of whicharefundamentalparameters
relatedto photosyntheticcarbonfixation.It is highly
recommendedthatthisimportantresearchbecontinued
andaugmented.
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Figure 4. Relationship between gas exchange between the ocean and atmosphere as a function of wind
speed (left) and fractional area coverage by whitecaps (right).

pump-and-probe technique whose feasibility has only
recently been demonstrated (Chekalyuk et al., 1999;
Wright et al., 1999). This airborne dual-laser (SP_P&P)
lidar system allows wide area determination of
photosynthetic parameters near dusk and during early
morning hours before solar effects are induced. The
system also allows concurrent retrieval or inference of
chlorophyll and phycoerythrin pigment biomass, both
normalized by the concurrent laser-induced water Raman
backscattering spectral line. The contemporaneous use of
an airborne passive oceanic radiometer also allows

In addition to the strictly ocean-oriented new

technologies described above, a CO 2 lidar system is also
being developed to measure atmospheric CO, concentra-
tions remotely over land and oceans. Th[s is a key
component in understanding the potential for CO, fluxes
between the oceans and atmosphere. Details regarding

this technology are provided in the overall implementa-
tion plan for the NGTFC (C. Tucker et al. In prep.).

Exchange of CO_, between the ocean and atmosphere is a
critical, and poorly understood, aspect of ocean carbon
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cycling.Effortsto improveourunderstandingof these
processes,and how to measurethem,is essentialto
understandingthe dynamic interchangesin the
atmosphericandoceaniccarbonpools.

Gasexchangebetweenthe oceanandatmosphereis
dependentupontheseastate:thesurfaceroughness,the
sprayandthewhitecapsfromthesurfaceandtrapped
bubblesgeneratedbybreakingwaves.Recentstudiesat
outObservationalSciencesBranch(FEDS.98,theFlux
ExchangeDynamicsStudy) indicate that surface
roughnessisamuchbetterparameterfor quantifyingthe
air-seagasflux thanthetraditionallyusedwind speed
(see,for example,KrausandBusinger,1994).

Asboththewhitecapcoverageandsurfaceroughnesscan
bemeasuredby microwavesensorssuchasradiometers
andscatterometers(see,forexample,Rees,1993),there
istremendouspotentialthatimprovedalgorithmscanbe
developedtoquantifytheair-seamassfluxbasedondata
from microwaveremotesensinginstruments.Thiswill
openup thepossibilityof globalmonitoringof thegas
fluxesfor thefirst time.Thisworkcanalsopotentially
lead to new mission technologies to refine our
observations of surface roughness, leading to better

parameterizations of CO, fluxes.

The geophysical variables measured by the aforemen-
tioned new technologies cannot be obtained by any
remote sensing technology currently available. Thus,
despite the technological and scientific hurdles that
remain, the potential rewards in terms of improved
knowledge on key aspects of the global carbon cycle are
enormous, but will require the dedicated effort of
personnel in the OCST.

2.3 Mission Validation

The Goddard OCST Carbon Science Plan relies heavily
on remotely sensed observations of key geophysical
qualities. Validation of these data products is crucial for
the success and usefulness of the 20-year time series of

ocean color data, as well as for new mission technologies.
The GSFC OCST has assumed a leading role in
the international community for ocean color mission
validation. This experience began with the CZCS and
continues under the SeaWiFS, MODIS, and Sensor

lntercomparison and Merger for Biological and
Interdisciplinary Ocean Studies (SIMBIOS) programs.

The SIMBIOS and SeaWiFS Projects have established
well-organized, globally diverse, and continuous field
programs that provide essential sea truth data for

comparison with satellite ocean color derived products.
The SeaWiFS Project has addressed problems with field
measurements through the SeaWiFS protocol develop-
ment, calibration round-robin, and field observation

programs (Hooker and McClain, 1999). These efforts are
geared toward addressing measurement error, satellite
validation, and related technology development. The
SeaWiFS field program is focused and advanced in terms
of observational accuracy and protocols development.
All activities have been documented in the SeaWiFS
technical memorandum series.

SIMBIOS is a collaborative effort with the external

community to provide in situ observations that can be
used to help intercompare ocean color observations from
multiple scheduled and flying national and international
missions. A fleet of sites distributed globally provides a
diverse observational data set that can allow evaluation

of ocean color mission performance in a variety of
conditions (McClain and Fargion, 1999). Data are stored
in a highly organized data base that can be accessed by all
investigators for mission comparison and evaluation,
thereby promoting collaborative validation efforts.

Effective mission validation also requires an understand-
ing of the characteristics of the sensor. Aspects such as
out-of-band response, polarization, scan modulation,
scan geometry, focal plane design, stray light, and signal-
to-noise, affect the derivation of ocean color products
and must be understood in order to interpret the data.
Experience gained with multiple sensors in the
SIMBIOS effort has improved the capability of the
OCST to validate new missions.

The OCST has pioneered innovative approaches to

mission validation. The SeaWiFS Quality Monitor
(SQM) was developed by OCST personnel in
collaboration with the National Institute of Standards and

Technology to enable high-precision tracking and
monitoring of field radiometers used to validate ocean
color data (Hooker and Aiken, 1998; Johnson et al.,

1998). The SQM reduces variability of in situ
radiometers and enables a consistent comparison to
remote sensors. This in turn increases our ability to
utilize in situ data to understand the calibration of the

remote sensors and provide a greatly enhanced satellite
data product. The OCST intends to provide equal
capability for the 20-year ocean color time series and to
develop similar methods and field support for new
technologies.

Another capability of the OCST is the Airborne
Oceanographic Lidar (AOL) program at Wallops Flight
Facility (WFF). The AOL has both active (laser) and
passive (solar) capabilities, and has been used for low-
altitude aircraft underflights of SeaWiFS to (1) assist
with evaluation of SeaWiFS radiometric performance
and (2) develop oceanic radiative transfer-based
algorithms for retrieval of (a) phytoplankton absorption
coefficient, (b) CDOM-detritus absorption coefficient,
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and(c)totalconstituentbackscatteringcoefficient(Hoge
etal.,1999).Resultssuggestgoodagreementingeneral
withSeaWiFSradiancedata,whichenhancesconfidence
in theSeaWiFSdataproducts.Sincethe AOL system
flies below most of the atmosphere, it can be used in

conjunction with satellite ocean color sensors to validate
and develop atmospheric correction algorithms. The
AOL will continue to play a critical role in evaluating
MODIS oceanic and atmospheric performance, as well
as future operational missions.

Methods for validation of phytoplankton absorption
coefficient, CDOM absorption coefficient, and total
constituent backscattering should initially mimic those
used to validate pigment biomass (chlorophyll).

Accordingly, airborne methods for retrieval of oceanic
carbon will initially be comparable to those now in use
for biomass. The highest priority for research and

development is total constituent backscattering retrieval,
since it is not now widely measured either aboard ship or

airborne field experiments. Errors in total constituent
backscattering models propagate into the CDOM
absorption coefficient and phytoplankton absorption
coefficient (Hoge and Lyon, 1996) and therefore cause
errors in derived carbon fields.

2.4 Conduct Ocean Carbon Cycle Science

Activities Directly Related to Remote Sensing

The scientific objectives of the OCST are:

2.4.1 develop and refine models that improve our
estimates of ocean carbon fixation and interactions

among carbon components and the physical environ-
ment;

2.4.2 develop new satellite-based algorithms to irnprove
our knowledge of carbon cycle components and
variability, and the air-sea gas flux;

2.4.3 analyze spatial and temporal variability of satellite
data on regional and global scales over seasonal,
interannual, interdecadal, and climate-change time
scales.

2.4.1 Development and Refinement of Models

The OCST pursues scientific advancement on ocean
carbon cycling issues using a variety of modeling

approaches, including (1) physiological models based on
analysis of fundamental physical and biological
processes, (2) empirical satellite-based production
models, and (3) large-scale numerical models that
integrate physical and biogeochemical processes (i.e.,
"coupled" models). These approaches provide separate,
complementary views of various carbon cycle processes.
The OCST has demonstrated expertise in each of these

research areas, which will be further expanded to
enhance GSFC's contribution to the national carbon

cycle goals. The three modeling approaches are all
intimately linked to satellite data, which forms the
primary contribution of the OCST: the physiological
models require a diversity of global observations
available from satellites to understand the principles

involved, empirical models are directly forced by
satellite data, and coupled models are actively

constrained by satellite data. The ultimate goal of the
OCST modeling efforts is to refine our understanding of
carbon processes in the oceans so that we may eventually
develop a capability to forecast changes in the ocean

carbon cycle.

Physiological Models: "Photosynthesis models" and
"coupled models" represent two fundamentally different
approaches toward investigating carbon cycling through
phytoplankton biomass. The latter functionally "grows"
phytoplankton in the ocean based on modeled physical
and chemical distributions. The former directly utilizes

remote sensing data on phytoplankton chlorophyll fields
and models the corresponding distribution of carbon
fixation. These models estimate carbon fixation either

using simple empirical relationships (see below) or by
applying more basic concepts in phytoplankton
physiology and ecology (i.e., "physiological" models).

Development of physiological models of phytoplankton

photosynthesis dates back over 40 years (Tailing, 1957;
Ryther, 1956). Application of such models to global
estimates of carbon fixation were severely limited until

satellite remote sensing data of near surface chlorophyll
fields became available. In anticipation of these

upcoming satellite data products, a considerable effort
was put forward in the mid-1970's to develop model
parameterization based on chlorophyll. These efforts
continued through to the current decade, with increasing
emphasis placed on model parameterizations of
photoacclimation (essentially, changes in chlorophyll
per cell as a function of light intensity and spectra).
Recently, we have provided strong evidence that classic
photoacclimation is not the primary driver of variability
in the ratio of carbon fixed per unit chlorophyll

(Behrenfeld and Falkowski, 1997a,b). Rather, it appears
that model improvements need to focus on the
simultaneous effects of light limitation, grazing, and the

nature and degree of nutrient stress.

An important aspect of the OCST modeling efforts is thus
to define relationships between the physical/chemical
attributes of the marine environment and physiological

variability, integrate this information with satellite data
fields, and produce new generations of ocean carbon flux
estimates. From this point, additional models can be
applied to estimate export carbon fluxes and carbon
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recyclingpathwaystobetterunderstandthemagnitudeof
thebiologicalpumpandits removalof CO_+fromthe
atmosphere(figure1).

Definingtherequiredmodelrelationshipswill involve
field andlaboratorystudiesdirectlyrelatedto satellite-
based models. For example,one of the major
breakthroughsinphytoplanktonecologyduringthelater
half of this centuryhasbeenthe demonstrationof
widespreadgrowthlimitationby iron(Coaleetal., 1996,
Behrenfeldetal., 1996,BehrenfeldandKolber,1998).
Comparedtoothertypesofnutrientlimitationornutrient
repletegrowth,ironlimitationhasauniqueeffectonthe
relationshipbetweencarbonfixationandchlorophyll,
whichcanbetracedtostochiometricchangesin theratio
of photosytemII to photosystemI. Consequently,
satellitedata-basedmodelsofoceancarbonfixationmust
includeappropriateparametcrizationsfor iron-limited
versusnon-iron-limitedregions.Theserelationshipsare
yettobedefined,butwill bepursuedthroughlaboratory
andfieldstudies.Definingtheregionsof ironlimitation
will alsobeagoalofthefieldmeasurementsandbasedon
anewlydiscovereddiagnosticofironlimitationutilizing
in situvariablefluorescencemeasurements(Behrenfeld
andKolber,1998).
Basicresearcheffortswill alsobeconductedto better
definechangesin carbonfixationperunit chlorophyll
resultingfrom photoacclimationand photoinhibition
(e.g.,Behrenfeldetal.,1999).Forallof thesestudies,the
focus will be on developingrelationshipsbetween
physical/chemicalenvironmentalpropertiesandcorre-
spondingphysiologicalchanges,suchthattheinforma-
tiongainedcanbereadilyappliedtoglobalphysiological
models.Theseeffortswill requireadditionalpersonnel
andestablishmentofalaboratoryseparatefromthatused
by the terrestrialplant researchgroup(seeNGTFC
implementationplan).This ocean-dedicatedfacility is
requiredbecauseexperimentsconductedon terrestrial
plantswill unavoidablycontaminateanyphytoplankton
studiesonmicronutrientlimitationandbecausethereis
little overlapbetweenlaboratoryequipmentnecessary
forphysiologic,--dstudiesonterrestrialandmarineplants.
Anadditionalbenefitof establishingaGoddardresident
oceanlaboratoryis toprovideavehicleforcollaborative
studieswith scientistsoutsideNASA.Theinteraction
between plant physiologistsand remote sensing
specialistscanfosterimprovedmechanisticmodelsand
thus enhanceunderstandingof processesinherentin
remotesensingdatafields.

Developmentof physiologicalmodelsis critical for
improvingour understandingof oceancarboncycles.
Suchmodelsyieldcommondatafieldswith "coupled"
modelsandthusprovidea mechanismfor evaluating
consistenciesand inconsistenciesbetweenthesetwo

approaches.Physiologicalmodelsarealsoimportant
becausethey are generallyprocess-oriented.Unlike
empiricalmodelsbasedon historicalobservations,
process-orientedphysiologicalmodelscanbedeveloped
toforecastchangesin thebiologicalpumpresultingfrom
global climatechange.Such forecastsmay also be
availablefromdevelopmentofcoupledmodels.Aswith
theothermodelcategories,continueddevelopmentof
physiologicalmodels and the resultant improved
understandingof globalchangesinoceancarbonfluxes
iscriticallydependentuponacommitmenttothe20-year
timeseriesof oceancolordata.

Empirical ProductionModels: Empirical primary
productionmodelsareanareaof expertisewithin the
OCST.Thesemodelsinvolveanalysisof historical
observationaldatasetsto derivedseasonal-or annual-
scaleestimatesof oceancarbonfixation.Despitetheir
lack of process-orientedrelationships,thesemodels
provideimportantcomparativeinformationondistribu-
tionsof oceanphotosynthesisandcanfeeddirectlyinto
estimatesof particulatecarbonflux to the sediments or
the deep sea. The models depend critically on the spatial
fields of satellite-derived chlorophyll biomass, and relate
them empirically to associated physical fields such as
mixed layer depth or the euphotic depth. Recent work has
focused on defining regional differences in phytoplank-

ton dynamics based on degrees of temporal variability.
Some examples have included analyses of global ocean
primary production computed from climatological
CZCS data (Iverson et al., 2000). Activities are currently
underway to intercompare several formulations from
other institutions and to evaluate primary production
from SeaWiFS. Future efforts involve use of MODIS
ocean color data.

Coupled Models: Coupled models integrate physical and
biogeochemical processes to produce a dynamical
representation of phytoplankton and nutrient distribu-
tions. These models rely heavily on improved
understanding of fundamental processes describing each
model component (e.g., phytoplankton photosynthetic
parameterizations, general ocean circulation fields,
radiative fields, and loss terms) and on satellite data for

constraint of output fields. Coupled models function as
the basis for understanding complex interactions
between processes involved in the carbon cycle and

provide the greatest forecasting potential, especially
when coupled to improved process-oriented variable
parameterizations.

Coupled physical/biogeochemical modeling is not as
mature as atmospheric and oceanic circulation modeling,
but OCST staff are actively involved in this research
area. In fact, OCST personnel are at the forefront of
coupled three-dimensional models on coastal (Gregg and
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Walsh,1992),regional(Dutkiewiczet al., 2000),and
global (Gregg,2000) oceanicsystems,as well as
enhancedecosystemmodelsof the North Pacific
(McClainet al., 1996)and westerntropicalPacific
(McClainetal., 1999),includingexpliciteffectsof iron
limitation(Leonardet al., 1999).OCSTpersonnelare
activelyinvolvedin improvingthesemodels,utilizinga
varietyofapproachesthatvaryin theprocessesinvolved
andspatialdomain.Specificcoupledmodelactivities
underwayincludetropical,NorthAtlantic,andglobal
models.Ourmultifacetedapproachisentirelyappropri-
ate for this immaturefield of researchand enables
emphasisondifferentaspectsof theproblem,eventually
leadingto animprovedunderstanding.Developmentof
coupledmodelsalsoprovidesa basisfor integrating
experienceandknowledgegainedfrom otherefforts
toward improvedrepresentationsof underlyingpro-
cesses.OCSTeffortsin thisareaareintimatelytiedto
satellitedatafor initialization,validation,andassimila-
tion,whichdistinguishthemfromothernationalefforts.
Inthismanner,theOCSTcoupledmodeldevelopmentis
viewedascomplementaryto thenationalplanandthus
contributestooverallgoals.

Ultimateresearchgoalsareto understandhowclimate
changeandthecoupledocean-atmospherecarbonsystem
mutuallyinteract.A majorchallengeof carboncycle
studiesis to developmethodsto incorporatedatafrom
ongoing observationalprograms,particularlyfrom
satellites,to monitor oceanbiogeochemicalcycling
(Sarmientoand Armstrong,1997),and eventuallyto
forecastcarbondistributions.Thestudieswithin this
prospectusinherently contain this satellite data
assimilationrequirementwithintheirobjectives.

Expansionof OCSTcapabilitiesto furthercomplement
nationalgoalsincoupledmodelingrequiresadaptationto
carbon-specificoutputs (insteadof chlorophyll as
presentlyconstructed),incorporationof new carbon
pathways(e.g.,dissolvedorganiccarbon),andbetter
utilizationof satellitedata.A particularlynewthrustis
the extensionof presentmodels to the dissolved
inorganiccarboncycle: the calculationof exchanges
betweenorganicrequirementsofCO.,forcarbonfixation
andreturnvia respiration.Thisprocessdeterminesthe
equilibriumofCO,in thewatercolumnanditsexchange
potentialwiththegtmosphere.Thisisanareaofresearch
thatpotentiallycouplesthe biologicaloceanicstudies
presentlyunderwaywith theatmosphereandterrestrial
components.Also requiredis thecouplingof existing
coupledoceanicmodelswith atmosphericcirculation
modelsandlandprocessmodels.Dueto thecomplexity
oftheoceancarboncycleandadditionalrequirementsfor
couplingwithothermodels,theexpansionactivitiesof
the OCST will require very large computational
capability.Weexpectthatbecauseof thelargenumberof

statevariablesrequiredfor properdefinitionof carbon
cycleprocesses,anorderof magnitudelargercapability
is requiredthanfor currentglobalcoupledatmosphere/
oceanmodels.

2.4.2 Development of New Algorithms to Improve
Knowledge of Carbon Cycle Components and
Variability and Air-Sea Gas Flux Using Satellite
Observations

OCST activities in the area of algorithm development
from satellite and other remote sensing data are

extensive. Efforts fall into two major areas: 1) algorithms
to improve and derive new estimates of carbon
components from optical signals, and 2) algorithms to

improve understanding of gas fluxes across the air-sea
interface based on microwave signals.

Improving Estimates of Ocean Color

In order to extract useful information from ocean color

sensor radiances, atmospheric and surface-reflected
radiance must be removed. This requires theoretical

atmospheric correction algorithms, usually with empiri-
cal components, for removal of scattered and reflected
light, e.g., Rayleigh, aerosol, surface foam, sun glint, and
reflected sky light radiances, and estimation of radiance
lost due to absorbing gases and aerosols. While much

work has been published on certain of these corrections,
several corrections remain approximate at best and must
be improved from both a theoretical and observational

standpoint. From estimates of water-leaving radiances,
algorithms must be derived which relate these radiances
to subsurface constituents and optical properties, e.g.,

chlorophyll-a. Bio-optical algorithms for these proper-
ties are classified as empirical or semi-analytical. Either
way, all are based on observations of some kind and
attempt to encompass the broad range of biological
variability in optical properties. Understanding the
underlying theoretical and observation basis for both
atmospheric correction and bio-optical algorithms is
critical for understanding the error in global carbon

budgets.

Retrieval of Optical Properties of Carbon-Containing
Constituents

Retrieval of inherent optical properties (lOP's) of the
ocean is a new approach in satellite determination of
oceanic constituents and their concentrations. Especially

important are the inherent optical properties of carbon-
containing/fixing phytoplankton, CDOM-detritus, and
total constituent backscattering (including coccoliths/

coccolithophores) in the upper mixed layer of the ocean.
These IOP's can be converted to constituent concentra-

tions or, alternatively, into units of carbon concentration.
Refinement of the global oceanic carbon budget requires
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the assessmentof carbonfrom all sources.A major
objectiveof thisworkis to developphysicalmodelsor
methodologiesto allow routine,accurateretrievalof
oceanicinherentopticalpropertiesfromsatelliteremote
sensingreflectancesand their conversionto molar
carbon.Thethreeabovecarbonsourcesaresometimes
labeledphytoplanktoncarbon,DOMcarbon,andcalcite
carbon,especiallyoutsidecoastalregionswherethe
carbonpartitioningis morepredictable.
While muchresearcheffort hasbeendirectedtoward
biologicallyactiveconstituents,it is importantto note
that DOC in seawaterrepresentsone of the largest
reservoirsof reducedcarbonon the Earth'ssurface
(HedgesandFarrington,1993).Thereisasmuchcarbon
indissolvedorganicmaterialintheoceansasthereisCO,_
in the atmosphere(Hedges,1993).Thus, improved
knowledgeof theglobalcarboncyclerequiresthatwe
studythe entireoceaniccarbonpool, includingthe
production,distribution,transportand fate of both
particulateanddissolvedorganicmaterialtogetherwith
biologicallyactiveconstituents.

Empiricalradianceratioalgorithms(Gordonetal., 1983;
O'Reilly et al., 1998)whichformthebasisfor widely
usedchlorophyllretrievalfrom satelliteimageryhave
limitationsthatrestricttheirutility.Thesealgorithms,as
appliedto satelliteoceancolor data. provide only an
estimate of the chlorophyll pigment and do not, and
cannot+ properly account for the absorption and
backscattering of other carbon-containing constituents
such as CDOM. Recently, oceanic radiative transfer
methods have been successfully demonstrated to
simultaneous retrieve the three principal lOP's of the
ocean from satellite data: CDOM-detritus absorption
coefficient, phytoplankton absorption coefficient, and
total constituent backscattering (TCB) coefficient (Hoge
et al., 1999).

The retrieved IOP's are converted to molar carbon

concentration by algorithms that are yet to be developed.
However, a foundation has been built during the last few
years, and requires further development by the OCST.
Specifically, (i) the phytoplankton absorption coeffi-
cient IOP can be used to derive elemental carbon

estimates using the method of Lee et al. (1996), (2) the

CDOM-detritus absorption coefficient lOP is related to
DOC (Vodacek et al., 1995), and (3) total constituent

backscattering may ultimately be used for retrieval of
coccolith concentration and/or calcite carbon (Balch et

al., 1992). Future research efforts must address improved
estimation of carbon from these IOP's. The phytoplank-
ton absorption coefficient may also permit improvement
of primary production estimates (t.ee et al., 1996). While
the Vodacek ctal. (1995) carbon vs. CDOM absorption
contained no corrections or parameterizations for surface

layer photodegradation, their initial findings are suitable
for preliminary algorithm use. More intense research
efforts are recommended to adapt the coccolithophore
empirical algorithm (Balch et al., 1991) for use with the
radiative transfer-derived total constituent backscatter

IOP product.

Much work remains to be done, since this new oceanic

radiative transfer methodology propagates errors in ways
that are significantly different from the older band-ratio
phytoplankton chlorophyll pigment algorithms (Hoge
and Lyon, 1996). Also, about 85% to 90% of the
atmospheric reflectance must be removed from satellite
ocean color data to allow obselwations of oceanic

properties. Spectral radiance (or reflectance) uncertainty
can lead to significant errors in the retrieved inherent
optical properties, that in turn provide information on the
carbon concentration of the constituents (Hoge and
[+yon, 1996). Thus, new and more robust atmospheric
radiative transfer methods must be developed in order to
take advantage of the concurrent new oceanic radiative
transfer advancements.
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Figure 5. Image of fractional areas of whitecaps observed
in an infrared image (top), and computed as the slope of
the surface roughness. (Results of FEDS.98 Courtesy ofW. Asher,

UW/API., J. Klinke, SIO, and S. I,ong (GSFCA,VFF)

Very robust airborne methods have recently been
established for development of oceanic and atmospheric
radiative transfer algorithms. Airborne active (laser) and
passive (solar) methods were pioneered by OCST
members in 1986 (Hoge et al., 1986a; Hoge et al., 1986b).
Recently, forward oceanic radiance modeling and its
comparison with airborne active-passive data were used
to validate the Gordon et al. (1988) semi-analytic
radiance model of ocean color and an inherent optical
property model for the phytoplankton absorption
coefficient (Hoge et al., 1995). Subsequent to this
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airbornefor_'ard-modelingfield validation,thesemi-
analyticmodelwasusedto theoretically demonstrate a
well-conditioned retrieval of IOP's (Hoge and I.yon,

1996) from oceanic reflectance data. More recently, the
model was used to retrieve the three principal IOP's from
airborne oceanic reflectance data (Hoge et al., 1999).

Atmospheric correction of a single satellite image has
shown that it is feasible to retrieve inherent optical

properties over vast areas of the ocean (Hoge et al.,
1999). A low-altitude airborne active-passive underflight
of the satellite validated that both the oceanic radiative

transfer model inversion and the atmospheric correction
were accurate for this single image. General atmospheric
correction methods currently in use need further
refinement and development before radiative transfer
model inversion methods can be applied to global
satellite data sets. The use of low- altitude airborne

oceanic radiometers have now demonstrated that they

can provide data for both (a) oceanic radiative transfer
inversion algorithm development and (b) atmospheric
correction algorithm development.

Algorithms for Gas Flux Estimation Across the Air-Sea
Interface

Recent wave tank studies at the Observational Sciences

Branch indicate that gas flux across the air-sea interface

can be parameterized better with the surface roughness
measures. This represents a breakthrough from the
traditional wind-based algorithms. Yet the study is still

incomplete, for the role of whitecaps and bubbles are not
fully examined. As all the parameters for the air-sea flux
algorithm can be measured by microwave sensors such as
radiometers and scatterometers there is high potential
that a better integrated algorithm can be developed to

quantify the air-sea mass flux based on data from
microwave remote sensing instruments. Coupled with

observations of the CO xconcentration, the new algorithm
for gas flux could make our understanding of the carbon
cycle much more quantitative.

2.4.3 Analysis of Spatial and Temporal Variability in
Satellite Data

The primary purpose of a 20-year time series of ocean
color data is to detect change. This is central to the
activities of the national carbon plan and a goal in which
OCST must play a leading role. Past activities of the
OCST have emphasized regional analysis and spatial
variability with the CZCS. This primarily reflects the
limitations of sampling in the CZCS archive that
preclude extensive analysis of temporal variability.
OCST efforts in the analysis of regional variability have
included the eastern tropical Atlantic (Monger et al.,
1997), Arabian Sea (Banse and McClain, 1986; Brock et
al., 1991), North Atlantic (McClain and Firestone, 1993),
Southern Ocean (Comiso et al., 1993; McClain et al.,

NASA/GSFC Research Activities for the Global Ocean
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1991), equatorial Pacific (Feldman et al., 1984;
Murtugudde et al., 1999), the tropical and subtropical
Atlantic (Signorini et al., 1999), and the classification of
global ocean color provinces (Esaias et al., 2000), among
others. Nevertheless, analyses of interannual variability
of selected regions have been successfully pursued by the
OCST (e.g., Brock and McClain, 1992; Leonard and
McClain, 1996). While these efforts are extensive, future
challenges associated with the 20-year time series must
be met.

3. Program Integration

The scope of the global carbon cycle problem transcends
typical scales of disciplinary studies and presents a
unique opportunity for the Goddard OCST. The OCST
provides a coordination forum to improve collaboration
with existing activities within the OCST, with our
colleagues in the Earth Science Directorate, and with the
external community. The OCST will actively pursue
collaborative opportunities to improve our understand-
ing of the ocean carbon cycle through the use of remote
sensing data.

Within the OCST, we intend to integrate improved

CDOM algorithms by Hoge, with primary production by
Esaias and Behrenfeld to help understand the pathways

of fixed organic carbon in the oceans. Combining this
information with the coupled models of Gregg, McCIain,

and Busalacchi, can provide important new insights into
carbon cycling through very poorly understood
pathways, its magnitude, and importance in ocean carbon
cycling. Coupled with models of inorganic carbon
pathways, these efforts can help refine estimates of the
partial pressure of CO_, in the water column.

SEI data can resolve aliasing of coastal observations due
to tidal and river influences. This information can help

coupled and empirical models improve the representa-
tion of short-term variability. Better knowledge of this

short-term variability, through the combined information
from an observing system and models, will enable us to
determine if the bi-daily sampling provided by polar

orbiter satellites is adequate for understanding ocean
carbon dynamics or whether higher frequency informa-
tion is required, such as from multiple low-Earth orbit
satellites in various inclination and crossing times or

geostationary orbits, or combinations. Mission simula-
tion analyses can help resolve issues of orbit selection.

The 20-year time series of ocean color observations
heavily supports the spatial and temporal variability
analysis function of the OCST. Furthermore, it leads to
inferences of processes affecting this variability that can
be used to improve the empirical and coupled models,
and improve the capability for forecasting.
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BasicscienceeffortswithintheOCSTnotonlyrefinethe
fundamentalprinciplesandprocessesinvolvedin the
oceancarboncycle, but also supportnew mission
development.Wavetankanalysesof surfaceroughness
andtheinfluenceof surfactantscanleadtonewremote
sensingtechnologiesfor observingthekeyprocessesat
workinair/seagas(CO.,)exchange.Laboratoryanalyses
of phytoplanktonphysiologywill enhanceourunder-
standingof variability in carbon fixation rates.
Electromagneticimpulsescanbetestedin thislaboratoU
to derive possible remote sensing technologies.

Perhaps more important, and more relevant to global
carbon cycle analyses, is the prospect of OCST activities
to provide opportunities for interdisciplinary efforts
within the GSFC Earth Sciences Directorate. These

studies can accelerate our understanding of carbon
pathways in the oceans and how they interact with
atmospheric and terrestrial processes. This information,
in turn, can be implemented into coupled ocean models,
as well as coupled land/ocean/atmosphere models to
provide an understanding on feedback mechanisms and
may potentially yield future forecast capabilities. We
intend to emphasize four general areas of interdiscipli-
nary research, each intimately related to remote sensing
observations:

1) monitor and evaluate biospheric change;

2) develop and apply new estimates of global biospheric
primary production;

3) evaluate the effects of cross-disciplinary processes
observed from remote sensing.

4) combine atmospheric, terrestrial, and oceanic models
to evaluate the processes and effects of global carbon
cycling, its potential impact on climate, and to predict the
effects due to anthropogenically induced changes.

1) Monitor and evaluate biospheric change.

One of the most important applications of remote sensing
data is the analysis of temporal changes directly observed
in the data. The 18-year time series of AVHRR terrestrial
biomass indices is an invaluable source of temporal

variability observations for the land community. The
proposed 20-year time series of ocean color in the present
effort would fill a similar role for oceanic research.

Active involvement in the development and operation of

a global atmospheric CO, observational capability would
fill the gap in our satellite observations. The combined
observations of future integrated missions such as EOS
Terra and Aqua, as well as NPP and NPOESS. provide an
unprecedented and previously unattainable direct remote
observation of global biospheric change.

2) Develop and apply new estimates of global biospheric
primary production.

Recent advances in the estimation of primary production
from satellite data, on both land and oceans (e.g., Field et
al., 1998) emphasize the importance of satellite data for
improving our understanding of global biospheric
carbon fixation. SeaWiFS is the first satellite that can

provide high-quality, high-resolution biomass data from
both terrestrial and oceanic sources from the same

platform. This is an unprecedented opportunity to
determine primary production simultaneously on land
and in the ocean, and combine them into a single coherent
global estimate. Continued observations will be
available from MODIS on both EOS Terra and Aqua, and
hopefully into the future. NGTFC members bring

together sophistication in primary production analyses
along with the intricacies of satellite observations thai

can enable new and improved estimates of global
primary production.

3) Evaluate the effects of cross-disciplinary processes
observed from remote sensing.

The more we learn about carbon cycling processes within
disciplines, the more it becomes apparent that we cannot
understand them without help from other disciplines.
Many of these cross-disciplinary processes are
observable from space. For example, rivers represent the
export of terrigenous organic matter and an import to
ocean coastal regions. The loss of carbon from the land
must be accounted for in global carbon budgets, as well
as its pathways in the oceanic domain. River influences
are readily apparent from remote sensing platforms.
Recent analyses of oceanic phytoplankton have
emphasized the importance of iron as a limiting nutrient
in some parts of the oceans. In these areas, the major
source of input of iron to the oceans is derived from land
sources, and transported to the oceans through the
atmosphere. Analyses and models of photosynthesis,
primary production, and carbon cycling can contain a
large amount of unexplained variance if this process is
not accounted for. Aerosols, some of which may contain
iron, are readily observable in satellite imagery. This can
provide an opportunity for a multidisciplinary effort to
understand the sources, transport, and impacts of iron
derived from land and deposited in the oceans. The

NGTFC is poised to make inroads into this important
component of global carbon dynamics as an interdiscipli-
nary team effort.

4) Combine atmospheric, terrestrial, and oceanic models

to evaluate the processes and effects of global carbon
cycling, its potential impact on climate, and to predict the
effects due to anthropogenically induced changes.

NASA/GSFC supports an extensive fleet of large-scale
modeling efforts in several different disciplines. These
efforts extend from highly organized projects, like the
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NASA Seasonal-to-lnterannual Prediction Project

(NSIPP) to multi-investigator, multidisciplinary efforts,
to smaller efforts with a few investigators working on

disciplinary concepts. One of the major goals of the
NGTFC is to unite these efforts to construct models

representing multiple aspects of the global carbon cycle,

emphasizing the interdisciplinary nature of the problem,

and emphasizing coupling between these disciplines.

The overall goal may be several models, but the unifying
theme is to understand and predict global carbon

dynamics on seasonal to interannual to decadal to climate

change time scales, with models intricately linked to

remote sensing data.

In this objective we intend to link with ongoing GSFC

efforts to produce enhanced representations of the global

biosphere and the carbon cycle. On seasonal-to-
interdecadal time scales, we will couple the ocean

general circulation model (OGCM) of NSIPP with an

ocean general biogeochemical/radiative model (OGBM),

eventually coupling with the coupled atmosphere/ocean
model of NSIPP. The land surface hydrological model of

NSIPP will be enhanced with the Simple Biosphere

(SiB2) model and coupled with the NSIPP atmospheric

GCM as well as the NASA/NCAR general circulation/

transport model. On decadal-to-climate change time
scales, we will link the SiB2 and the OGBIvl/OGCM to

the GISS climate model of the Earth system. This

sequence of coupled models linked to satellite data fields
will require substantial development time, but we can

envision a satellite system assimilation forecast model

that can evaluate and predict changes in anthropogenic

forcing of carbon related processes with near-term

changes in carbon cycling, which may have important
effects on climate and weather systems. In the long term,

the processes more fully understood by the coupling of

these models will enable improvement of predictions of

future atmospheric carbon loading and the consequences.

This approach of coupled interdisciplinary models with
satellite data in assimilation/forecast mode, as welt as

historical reconstructive mode, will provide a fuller

understanding of the global carbon cycle, the processes

affecting it, and the implications of changes. This will
contribute a satellite-based scientific application to the

goals of the U.S. Carbon Cycle Program.
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APPENDIXmOCST TEAM MEMBERS,

ACTIVITIES AND RESPONSIBILITIES

The OCST includes 10 active members, whose scientific

interests range from small-scale analyses of fundamental
phytoplankton physiology, to regional scale ocean
numerical physical/biological modeling, to regional and
global scale algorithm development, to global primary
production and global ocean numerical physical/
biogeochemical modeling. It is a diverse group
representing 4 distinct organizational units at GSFC.
Project and mission responsibilities are a primary effort

by the OCST, who serve on numerous mission science
teams, and also provide managerial responsibilities on
several missions. These activities form the core of a
world-class ocean color team at GSFC. For this team to

take on the additional responsibility of a carbon cycle
effort, personnel expansion is required, especially in the
areas of mission oversight, ocean data processing, and
development of new technologies.

Scientific Activities NASA Mission Activities

Mike Behrenfeld (Oceans and Ice Branch)

global ocean primary production

analysis of iron effects on marine phytoplankton

analysis of marine phytoplankton photosynthetic

physiology

Wayne Esaias (Oceans and Ice Branch)

global ocean primary production

mission/sensor analysis

SeaWiFS science team

MODIS Ocean Team Leader

SeaWiFS consultant

SEI Principal Investigator
NPP advisor

NPOESS advisor

MLL science team

Gene Feldman (Global Change Data Center)

scientific data processing, design, and

implementation

data analysis

educational outreach

SeaWiFS Data Processing

Manager

SIMBIOS Data Processing

Manager

SEI Data Processing Manager

Watson Gregg (Oceans and Ice Branch)

global ocean coupled physical/biogeochemical/

radiative modeling

ocean color data and in situ merging algorithms

mission simulation and analysis

Ocean Carbon Science Team Leader

SeaWiFS science team

SIMBIOS science team

MLL science team
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Frank Hoge (Observational Sciences Bra.nch)

algorithm development for ocean color satellites

algorithm development for LIDAR
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